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Summary
Background: Cell growth arrest and autophagy are required
for autophagic cell death in Drosophila. Maintenance of
growth by expression of either activated Ras, Dp110, or Akt
is sufficient to inhibit autophagy and cell death in Drosophila
salivary glands, but the mechanism that controls growth arrest
is unknown. Although the Warts (Wts) tumor suppressor is
a critical regulator of tissue growth in animals, it is not clear
how this signaling pathway controls cell growth.
Results: Here, we show that genes in the Wts pathway are
required for salivary gland degradation and that wts mutants
have defects in cell growth arrest, caspase activity, and
autophagy. Expression of Atg1, a regulator of autophagy, in
salivary glands is sufficient to rescue wts mutant salivary
gland destruction. Surprisingly, expression of Yorkie (Yki)
and Scalloped (Sd) in salivary glands fails to phenocopy wts
mutants. By contrast, misexpression of the Yki target bantam
was able to inhibit salivary gland cell death, even though
mutations in bantam fail to suppress the wts mutant salivary
gland-persistence phenotype. Significantly, wts mutant sali-
vary glands possess altered phosphoinositide signaling, and
decreased function of the class I PI3K-pathway genes chico
and TOR suppressed wts defects in cell death.
Conclusions: Although we have previously shown that salivary
gland degradation requires genes in the Wts pathway, this study
provides the first evidence that Wts influences autophagy. Our
data indicate that the Wts-pathway components Yki, Sd, and
bantam fail to function in salivary glands and that Wts regulates
salivary gland cell death in a PI3K-dependent manner.
Introduction
Cell growth, division, and death are important determinants of
tissue and animal size [1], and disruption of their balance can
lead to physiological disorders, including cancer [2]. Although
the mechanisms that integrate cell-division checkpoints with
cell death are relatively well studied [3], less is known about
the relationship between cell growth and death.
Apoptosis and autophagic cell death are the two most prom-
inent morphological forms of cell death that occur during
animal development [4, 5]. The mechanisms that regulate
apoptosis have been extensively studied, but far less is known
about autophagic cell death. Drosophila larval salivary glands
are an excellent system for investigating autophagic cell
death during development. A rise in the steroid hormone
*Correspondence: eric.baehrecke@umassmed.edu20-hydroxyecdysone (ecdysone) 12 hr after puparium forma-
tion triggers future adult head eversion, salivary gland cell
death, and the synchronized degradation of salivary gland
cells, which is completed by 16 hr after puparium formation
[6]. Both caspases and autophagy are induced after the rise
in ecdysone that triggers cell death [7, 8]. Caspases and au-
tophagy function in an additive manner in dying salivary glands,
as evidenced by the finding that the combined inhibition of both
caspases and autophagy results in a stronger salivary gland-
persistence phenotype than inhibition of either caspases or au-
tophagy alone [9]. Cell growth stops prior to salivary gland cell
death, and maintenance of growth is sufficient to suppress
both autophagy and degradation of this tissue [9], but the
mechanism that regulates this growth arrest is not clear.
The insulin-triggered class I phosphoinositide 3-kinase
(PI3K) pathway is highly conserved and regulates cell and tis-
sue growth [10]. Binding of insulin to the insulin receptor leads
to the phosphorylation of the receptor and the insulin receptor
substrate protein Chico [11]. This phosphorylation cascade
activates the catalytic subunit Dp110 of the class I PI3K
pathway [10, 12]. Activated Dp110 converts phosphatidylino-
sitol-4,5-biphosphate to the second messenger phosphatidy-
linositol-3,4,5-triphosphate (PIP3). The pleckstrin homology
(PH) domain of Akt interacts with PIP3 on the cell membrane
and activates the downstream effector target of rapamycin
(TOR), an evolutionarily conserved kinase [13]. TOR influences
a wide range of cellular processes, such as protein translation,
cell-cycle progression, growth, and autophagy. Although
activation of the class I PI3K pathway by expression of either
activated Ras, Dp110, or Akt is sufficient to inhibit autophagy
and degradation of salivary glands [9], the mechanism that is
responsible for the regulation of PI3K-dependent growth
arrest in this tissue is not fully understood.
Recent studies in Drosophila have identified the evolution-
arily conserved Warts (Wts) signaling pathway as an important
regulator of tissue growth. Wts, Fat, Merlin, Expanded, Hippo
(Hpo), Salvador (Sav), and Mats are members of a kinase cas-
cade that negatively regulates tissue growth [14–27]. Muta-
tions in any of these recessive genes causes increased cell di-
vision, and several of these mutants exhibit decreased cell
death. These Wts-pathway defects in cell division and cell
death are caused by altered levels of the cell-cycle regulator
Cyclin E and the inhibitor of apoptosis DIAP1 [20]. Wts, also
known as the large tumor suppressor Lats, encodes a nuclear
Dbf2-related (NDR) family kinase that phosphorylates the tran-
scriptional coactivator Yorkie (Yki) [28] and inactivates Yki by
exclusion from the nucleus [29]. Yki, the ortholog of mamma-
lian Yes-associated protein (Yap), is a positive regulator of
growth, and overexpression of Yki results in tissues with over-
growth phenotypes that resemble loss-of-function mutations
in members of the Wts pathway [28]. Yki functions with the
DNA-binding TEAD/TEF family protein Scalloped (Sd) to regu-
late transcription of the inhibitor of apoptosis diap1 [30, 31]
and, presumably, other Wts signaling targets, including the
microRNA bantam and the cell-cycle regulator cyclin E [14,
15, 18, 32, 33]. Although mutations in Wts-pathway genes
and overexpression of Yki cause tissue overgrowth, it is not
clear how this pathway influences cell growth and whether
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1467Figure 1. Wts Signaling Pathway Is Active and Required for Salivary Gland Degradation
(A) Immunoblot showing that Wts and Hpo are present in salivary glands at 6, 8, 10, 12, and 14 hr after puparium formation.
(B–F) Paraffin sections of pupae 12 hr after head eversion.
(B and D) Salivary glands are completely degraded in control animals.
(C) Loss of wts in wtsP2/latsX1 inhibits salivary gland degradation.
(E and F) Expression of sav-IR (E) and mats-IR (F) in a tissue-specific manner causes incomplete degradation of salivary glands. Red circles outline the
persistent salivary gland tissue in the pupae.the PI3K pathway is influenced by this tumor-suppressor path-
way.
Here, we show that wts mutant salivary glands fail to arrest
growth, exhibit decreased caspase activity, have attenuated
autophagy, and are not degraded. Although previous studies
indicate that expression of Yki phenocopies wts mutants,
this was not the case in salivary glands. By contrast, expres-
sion of the Yki target bantam was sufficient to induce cell
growth and inhibit salivary gland cell death. However, bantam
loss-of-function mutations failed to suppress the wts mutant
salivary gland-persistence phenotype. These data suggest
that Wts is capable of regulating growth and autophagy inde-
pendent of Yki. wts mutants had altered PI3K markers and
required the function of TOR and chico to inhibit salivary gland
degradation. These data suggest that Wts influences the PI3K
signaling pathway, growth, and autophagy in a manner that is
distinct from its regulation of Yki.
Results
Wts, Sav, and Mats Are Required for Salivary Gland
Degradation
Wts was identified as a protein that is expressed during auto-
phagic cell death of Drosophila larval salivary glands with
a high-throughput proteomics approach [34]. This was sur-
prising, given that we failed to detectwtsRNA with DNA micro-
arrays [35]. Therefore, we investigated whether Wts is present
in salivary glands, and we determined that it is constitutively
expressed at stages before and after the rise in ecdysone
that triggers autophagic cell death (Figure 1A). Significantly,two forms of Hpo are expressed during stages preceding sali-
vary gland cell death, suggesting that phosphorylated Hpo is
present in these cells and that this signaling pathway is acti-
vated (Figure 1A).
We had previously shown that animals that are homozygous
for the hypomorphic wtsP2 allele, which is caused by a P ele-
ment insertion [22], are defective in salivary gland cell death
[34]. Because strong loss-of-function wts mutants are homo-
zygous lethal prior to the stage of salivary gland cell death,
we tested whether the wtsP2 allele in combination with the
stronger X-ray-induced latsx1allele [17] caused a defect in
salivary gland degradation. In control animals, ecdysone-trig-
gered head eversion occurs 12 hr after puparium formation,
and salivary glands are absent 24 hr after puparium formation
(12 hr after head eversion) (Figure 1B). By contrast, wtsP2/
latsX1 mutants fail to degrade salivary glands by 12 hr after
head eversion (Figure 1C). Previous studies indicated that
hpo is required to complete degradation of salivary glands
[34]. Therefore, we tested whether other Wts pathway compo-
nents are required for salivary gland degradation. Whereas
control animals had no salivary gland remnants 24 hr after pu-
parium formation (Figure 1D), knockdown of sav by tissue-
specific expression of RNAi (sav-IR) inhibited the degradation,
with 58% of the animals having incompletely degraded vacuo-
lated cell fragments (Figure 1E). Similarly, knockdown of mats
by tissue-specific expression of RNAi (mats-IR) inhibited the
degradation, with 62% of the animals possessing incompletely
degraded salivary gland cell fragments (Figure 1F). These data
indicate thatwts, sav, andmats are required for degradation of
salivary glands in Drosophila.
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1468Figure 2. Caspases are Reduced in wts Mutants, and DIAP1-Induced Inhibition of Salivary Gland Degradation Is Enhanced by Reduced Atg1 Function
(A–B) Visualization of DNA fragmentation by TUNEL assay. TUNEL-positive nuclei are indicated by black arrowheads in both control wtsP2/+ (A) and wts
homozygous mutant wtsP2/P2 (B) salivary glands.
(C) Cleavage of the caspase-3 substrate Z-DEVD-AMC was measured in whole pupae staged 4 hr after puparium formation in control (wtsP2/+), control plus
Ac-DEVD-CHO inhibitor, and experimental wtsP2/P2 mutant pupae. Data are presented as the mean 6 SE, n = 3/treatment.
(D–F) Paraffin sections 24 hr after puparium formation.
(D) Salivary glands are completely degraded in control animals.
(E) Partial degradation occurs in salivary glands expressing DIAP1.
(F) Coexpression of dominant negative Atg1KQ and DIAP1 increases the persistence of salivary glands. Red circles outline the persistent salivary gland
tissue in the pupae.wts Influences Caspase Activity, Autophagy,
and Cell Growth
Previous studies have shown that both caspases and autoph-
agy are induced prior to, and function in, salivary gland auto-
phagic cell death [7–9]. Therefore, we investigated whether
caspases are altered in wts mutant salivary glands. Cas-
pase-dependent DNA fragmentation was detected by TUNEL
assay in both control wtsP2/wild-type and wtsP2/wtsP2 mutant
salivary glands 1.5 hr after head eversion, even though wts
mutant salivary glands fail to degrade (Figures 2A and 2B).
Although wts mutant salivary glands appeared to possess ap-
proximately half as many TUNEL-positive nuclei compared to
controls, the qualitative nature of this assay limits our ability to
make strong conclusions about caspase activity on the basis
of this approach. Loss of nuclear lamins and increased levels
of cleaved caspase-3 were also observed in both control and
mutant salivary glands (data not shown). In addition, we de-
tected caspase-3-like activity by cleavage of the caspase sub-
strate DEVD-AMC in both wtsP2/wild-type control and wtsP2/
wtsP2 mutant animals 4 hr after puparium formation, although
caspase-3-like activity was reduced in homozygous mutant
animals (Figure 2C). Together, these data indicate that cas-
pases are present but reduced in homozygous wtsP2mutant
animals compared to controls.
The inhibitor of apoptosis DIAP1 suppresses caspases and
functions downstream of wts, and DIAP1 was previously
shown to be elevated inwtsmutant cells [14, 15, 20, 28]. There-
fore, we tested whether expression of DIAP1 is sufficient to in-
hibit salivary gland autophagic cell death. In control animals,
salivary glands are completely degraded 24 hr after pupariumformation (Figure 2D). By contrast, salivary glands are partly
degraded in DIAP1-expressing salivary glands (Figure 2E),
a finding that is consistent with previous studies indicating
that salivary glands are partially degraded either in caspase
loss-of-function mutants or when caspases are blocked by
expression of p35 [7–9]. Significantly, combined inhibition of
caspases and autophagy by coexpression of DIAP1 and
a dominant negative form of Atg1, Atg1KQ, resulted in an al-
most complete inhibition of salivary gland cell death (Fig-
ure 2F). These results support the conclusion that both cas-
pases and autophagy function in an additive manner during
cell death of salivary glands.
The number of autophagosomes increases after the rise in
steroid that triggers autophagic cell death of salivary glands,
and autophagy is required for degradation of this tissue [7,
9]. Therefore, we analyzed the number of autophagosomes
in dying salivary glands of control and wts mutants by using
the autophagy reporter GFP-LC3. Interestingly, the number
of GFP-LC3 puncta were reduced in homozygous wtsP2 mu-
tant salivary glands compared to control wtsP2/wild-type sali-
vary glands (Figures 3A–3C). Previous studies have shown that
expression of Atg1 is sufficient to induce autophagy [9, 36], so
we tested whether expression of Atg1 in wts mutant salivary
glands is sufficient to suppress the wts mutant salivary gland-
degradation phenotype. Whereas control wtsP2/wtsP2 mutant
animals all posses salivary glands 24 hr after puparium forma-
tion (Figures 3D and 3F), expression of Atg1 in salivary glands
leads to the almost complete degradation of this tissue in
wtsP2/wtsP2 animals (Figures 3E and 3F), even though they
had salivary glands during early pupal stages (data not shown).
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1469Figure 3. Autophagy Is Decreased in wts Mutants, and Expression of Atg1 Rescues wts Salivary Gland Persistence
(A–C) Autophagy is indicated by the presence of GFP-LC3 puncta (autophagosomes) in salivary glands.
(A and C) Abundant GFP-LC3 spots are detected in control salivary glands 1.5 hr after head eversion.
(B and C)wtsmutant salivary glands possess attenuated autophagy, as determined by the detection of fewer GFP-LC3 spots than in control salivary glands.
(C) Quantification of autophagy by detection of GFP-LC3 spots in salivary glands. Data are presented as the mean 6 SE (n > 20 salivary glands/genotype).
(D and E) Histological sections 12 hr after head eversion.
(D and F) Loss of wts in wtsP2/P2 animals prevents salivary gland degradation.
(E and F) Expression of Atg1 in wts mutant salivary glands suppresses the persistence phenotype.
(F) Quantification of the percentage of pupae with persistent salivary glands (n > 20 pupae/genotype). Red circles outline the persistent salivary gland tissue
in the pupae.Together, these results indicate that decreased autophagy
contributes to the cell-death defect in wts mutant animals.
Growth arrest is required for induction of autophagy and
salivary gland degradation [9]. Therefore, we investigated
whether decreased autophagy in wts mutants is associated
with altered salivary gland cell growth by measuring the cell
area in control wtsP2/wild-type and experimental wtsP2/wtsP2
salivary glands. Although the cell area of control and homozy-
gous wtsP2 mutant salivary gland cells were similar at the on-
set of puparium formation (Figures 4A and 4B), wtsP2mutant
salivary gland cells were 2.5-fold larger than control salivary
glands 6 hr after puparium formation (Figures 4C–4E). We
observed similar numbers of salivary gland nuclei in control
wtsP2/wild-type (mean = 117.7, n = 15) and homozygous
wtsP2 mutants (mean = 118.9, n = 15), and the larval develop-
mental period was similar in control and homozygous wtsP2
mutants (Figure 4F). These data indicate that a failure in cell
growth arrest at the onset of puparium formation is responsi-
ble for the larger size of wtsP2 mutant salivary gland cells.
Expression of Bantam, but Not Yki and Sd, Phenocopies
wts in Salivary Glands
The transcriptional coactivator Yorkie (Yki) is phosphorylated
by Wts, inactivating its influence on cell-cycle and cell-death
effectors [28]. Yki, the DNA-binding protein Sd, and their tar-
get, the microRNA bantam, are positive regulators of tissue
growth [28, 30–33]. Overexpression of either Yki or bantam in
developing adult eyes phenocopies wts loss-of-functionmutants in this tissue [28, 32, 33], and expression of Sd en-
hances Yki-induced growth and target-gene activities [31].
Therefore, we tested whether expression of Yki in salivary
glands prevents the death of this tissue. Surprisingly, expres-
sion of Yki fails to inhibit salivary gland degradation (Figure 5B),
even though expression of this transgene causes overgrowth
in developing adult eyes (data not shown). In addition, expres-
sion of either Sd alone or coexpression of Sd and Yki induces
premature degradation of salivary glands by 6 hr after pupar-
ium (Figure 5C and Figure S1, available online). Expression of
Yki alone failed to induce premature salivary gland cell death
in animals 6 hr after puparium formation (Figure 5A). These
data indicate that expression of neither Yki, Sd, nor Yki and
Sd together phenocopies the loss-of-function phenotype of
wts in salivary glands. Significantly, our data also indicate
that the Wts pathway that has been described in developing
adult Drosophila tissues is different in salivary glands. To
test this possibility, we determined whether DIAP1 levels are
altered in wts mutant salivary glands. Indeed, DIAP1 protein
levels are not altered in homozygous wtsP2 mutants (Fig-
ure 5D), further supporting our data indicating that Wts alters
salivary gland growth and cell death in a Yki- and Sd-indepen-
dent manner.
Our data suggest that salivary gland cells are not sensitive to
Yki- and Sd-induced growth, but it is not clear whether this is
because of differences in the response of Yki and Sd target
genes or whether Yki and Sd targets are not sufficient to
induce the growth and inhibit degradation of these cells.
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gland degradation (Figure 2E), but DIAP1 does not influence
salivary gland cell growth (data not shown). By contrast,
misexpression of bantam in salivary glands was sufficient to
inhibit salivary gland degradation and induce significant cell
growth (Figure 6A and data not shown). Coexpression of dom-
inant negative TOR (TORted) withbantam failed to suppress the
Figure 4. wts Mutant Salivary Gland Cells Fail
to Arrest Growth at Pupariation
(A–D) Paraffin sections of salivary glands.
(A, B, and E) Cells of control wtsP2/+ and mutant
wtsP2/P2 salivary glands are similar in size at
puparium formation.
(C, D, and E) Whereas control wtsP2/+ salivary
gland cells have not significantly increased in
size by 6 hr after puparium formation, mutant
wtsP2/P2 salivary gland cells doubled in size
during this period.
(E) Cell area measurements of control and wts
mutant salivary glands are presented as fold
increase in cell area compared to that of control
salivary gland cells at puparium formation; data
are presented as mean 6 SE.
(F) Timing of pupariation in control (solid line) and
wts mutant (dotted line) animals show that they
have comparable developmental periods.
Figure 5. Expression of Yki and Sd Fail to Pheno-
copy the wts Salivary Gland Phenotype, and
DIAP1 Levels Are not Altered in wts Mutants
(A–C) Paraffin sections of animals 6 hr and 24 hr
after puparium formation.
(A) Paraffin sections of animals misexpressing
Yki in salivary glands at 6 hr after puparium
formation have normal salivary glands.
(B) Paraffin sections of animals misexpressing
Yki in salivary glands completely lack this tissue
24 hr after puparium formation.
(C) Misexpression of Sd in salivary glands causes
premature degradation such that almost no
tissue is present 6 hr after puparium formation.
(D) Immunoblot showing that the DIAP-1 levels
are similar in control and wts mutant (wtsP2/P2)
salivary glands. The lanes contain salivary gland
extracts isolated from control and mutant ani-
mals staged at 6 hr after puparium formation
(APF) and 1.5 hr after head eversion (AHE). Red
circles outline the persistent salivary gland tissue
in the pupae.
bantam-induced salivary gland-persis-
tence phenotype compared to that of
control animals 24 hr after puparium
formation (Figures 5B and 5C). In addi-
tion, loss-of-function mutations in the in-
sulin receptor substrate otholog chico
also failed to suppress the bantam-in-
duced defect in salivary gland degrada-
tion 24 hr after puparium formation (Fig-
ure 5D). Consistent with these genetic
findings, misexpression of bantam is
not sufficient to maintain cortical localization of the reporter
of class I PI3K-activity sensor tGPH (data not shown). These
data indicate that expression of bantam, but not Yki, pheno-
copies the loss-of-function phenotype of wts, but it does so
in a manner that is independent of two conserved genes in
the PI3K pathway. These data support the conclusion that
Yki and Sd target-gene promoters, such as bantam, may not
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we failed to detect evidence of bantam RNA in late-larval
and prepupal salivary glands with a bantam sensor (data not
shown). In addition, bantam loss-of-function mutants failed
to suppress the homozygous wts mutant salivary gland cell-
death phenotype (Figures 6E and 6F), even though bantam
mutant animals are smaller, as previously described [37].
These data support the conclusion that Wts regulates growth
and death of salivary glands by using a mechanism that is dif-
ferent from the pathway that has been described in developing
adult tissues of Drosophila.
PI3K Signaling Is Required for wts to Inhibit Cell Death
Maintenance of growth by expression of positive regulators of
the class I PI3K pathway inhibits autophagy and salivary gland
degradation [9]. Because Yki and Sd expression failed to phe-
nocopy the wts mutant salivary gland phenotype and bantam
appears to regulate growth in a PI3K-independent manner, we
investigated whether wts may influence PI3K signaling. We
monitored PI3K activity in salivary glands by using the tGPH
(tubulin-GFP-Pleckstrin Homology) reporter [38]. During the
larval feeding stage when animals are growing, tGPH is corti-
cally localized in salivary gland cells of both control and homo-
zygous wts mutant animals (data not shown). The cortical
localization of tGPH is lost in salivary glands of control
Figure 6. bantamMisexpression Inhibits Salivary
Gland Degradation in a PI3K-Independent Man-
ner
(A–F) Paraffin sections of animals 24 hr after
puparium formation.
(A) Animals that misexpress bantam in salivary
glands fail to degrade this tissue 24 hr after
puparium formation.
(B) Salivary glands expressing TORted are
degraded by 24 hr after puparium formation.
(C) Coexpression of TORted does not overcome
inhibition of salivary gland removal caused by
misexpression of bantam.
(D) chico mutants fail to suppress salivary gland
persistence that is induced by misexpression of
bantam.
(E) Salivary glands are degraded in bantam
mutants (banD1/banL1170).
(F) Salivary glands fail to degrade in wtsP2 and
bantam double-mutant animals. Red circles
outline the persistent salivary gland tissue in the
pupae.
wtsP2/wild-type animals when they
stop feeding and growth arrest occurs
(Figure 7A). By contrast, cortical locali-
zation of tGPH was maintained in
wtsP2/wtsP2 and wtsP2/latsX1 mutant an-
imals even after the onset of puparium
formation (data not shown), and it con-
tinued during prepupal development
(Figure 7B). Consistent with the larger
salivary gland cell size of wtsP2mutants
(Figures 4C, 4D, and 4E), these data
indicate that wts mutant salivary gland
cells fail to arrest growth at puparium
formation.
The maintenance of growth and pres-
ence of tGPH at the cell cortex in wts
mutant salivary glands suggests that the class I PI3K pathway
remains activated after puparium formation in this tissue. Ac-
tivation of the class I PI3K pathway causes recruitment of
Akt to the plasma membrane, where phosphorylated Akt initi-
ates downstream signaling via TOR to regulate growth [13]. To
our surprise, the levels Akt and phosphorylated Akt were very
similar in wild-type and wts mutant animals after growth arrest
of salivary glands at the onset of puparium formation (Figure 7C
and Figure S2). However, immunolocalization of phosphory-
lated Akt changed from cortical (Figure 7D) to cytoplasmic in
control salivary glands after puparium formation (Figure 7E),
whereas much of the phosphorylated Akt remained associated
with the cell cortex in homozygous wts mutant salivary glands
(Figure 7F).
Localization of tGPH and phosphorylated Akt indicated that
the class I PI3K pathway is altered in wts mutant salivary
glands. Therefore, we investigated whether wts mutant sali-
vary gland degradation is dependent on the PI3K pathway
and TOR. Salivary glands are present in control wtsP2/wtsP2
animals that possess a dominant negative TOR (UAS-TORted)
transgene that is not expressed because they lack the
fkhGAL4 activator (Figure 7G). By contrast, expression of
TORted in salivary glands suppressed the wts mutant degrada-
tion defect in this tissue (Figure 7H). Similarly, decreased func-
tion of the insulin receptor substrate-encoding gene chico by
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mutant salivary gland-persistence phenotype (Figure 7I).
Together, these data indicate that Wts is regulating salivary
gland degradation in a PI3K-dependent manner.
Discussion
Our studies indicate that Wts and other core components of
this tumor-suppressor pathway are required for autophagic
cell death of Drosophila salivary glands. wts is required for
cell growth arrest and for proper regulation of caspases and
autophagy, which contribute to the destruction of salivary
glands. Although it is well known that cell division, cell growth,
and cell death are important regulators of tissue and tumor
size [1], it has been unclear whether a mechanistic relationship
exists between cell growth and control of cell death.
It is possible that wts and associated downstream growth-
regulatory mechanisms could suppress cell death in other
animals and cell types. Autophagic cell-death morphology
has been reported in diverse taxa [5, 39], but we know little
about the mechanisms that control this form of cell death,
and this lack of understanding is probably related to the limited
investigation of physiologically relevant models of this pro-
cess. Here, we have used steroid-activated autophagic cell
death of salivary glands as a system to study the relationship
between cell growth and cell death. It is logical that cell growth
Figure 7. Wts Regulates Growth in a PI3K-Pathway-Dependent Manner
(A) Salivary glands of control wtsP2/+ animals 6 hr after puparium formation lack cortical tGPH, indicating that growth has arrested.
(B) wts mutant (wtsP2/P2) salivary glands isolated 6 hr after puparium formation possess cortically localized tGPH, indicating that they have not arrested
growth.
(C) Immunoblot showing the levels of Akt and its activated form, phosphorylated Akt (P-Akt), in wild-type salivary glands during larval and pupal stages. The
lanes contain salivary gland extracts isolated from feeding larvae (FL), wandering larvae (WL), and stages 0, 6, and 13 hr after puparium formation.
(D–F) Salivary glands stained with anti-phospho-Akt (P-Akt).
(D) Salivary glands from both control (not shown) and wts mutant feeding larvae contain P-Akt that is associated with the cell cortex (indicated by the white
arrows).
(E) P-Akt changes localization to the cytosol and is excluded from the cell cortex (indicated by the white arrows) in control wtsP2/+ 6 hr after puparium
formation.
(F) Although some P-Akt is relocalized in the cytosol, it remains associated with the cell cortex (indicated by the white arrows) in wts mutant salivary gland
cells 6 hr after puparium formation.
(G–I) Paraffin sections of pupae 24 hr after puparium formation.
(G) The presence of dominant negative TORted without any GAL4 driver in wts mutant animals does not prevent salivary gland degradation.
(H) Expression of TOR ted in salivary glands of wts mutant animals results in complete degradation of salivary glands.
(I) Decreased function of chico by expression of RNAi (chico-IR) in salivary glands suppresses the wts mutant persistent salivary gland phenotype. Red cir-
cles outline the persistent salivary gland tissue in the pupae.
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known to be regulated by class I PI3K signaling, which contrib-
utes to the death of these cells [9]. It is unclear whether growth
arrest is a determinant of autophagic cell death in other cell
types and animals, and this question is important to resolve
because of the importance of growth and autophagy in multi-
ple disorders, including cancer [40]. wts mutant salivary gland
cells fail to arrest growth at the onset of puparium formation,
and this suppresses the induction of autophagy. As previously
reported, the inhibitor of apoptosis DIAP1 influences salivary
gland cell death [41] and is one of the best-characterized
target genes of the Wts signaling pathway [14–16, 18], but
DIAP1 levels are not altered in wts mutant salivary glands.
Significantly, our data provide the first evidence that Wts reg-
ulates autophagy and support previous studies indicating that
caspases and autophagy function in an additive manner dur-
ing autophagic cell death [7, 9]. Given the importance of both
the Wts pathway and autophagy in human health [29, 40, 42],
it is critical to determine whether this relationship exists in
other cells.
Cell growth and division are often considered to be synony-
mous, even though they are controlled by independent mech-
anisms. The Wts signaling pathway must influence cell growth,
but most studies have emphasized the influence of this path-
way on cell division and death. bantam is the only previously
studied gene that is regulated by the Wts pathway and that
is known to regulate cell growth [32, 33]. However, the mech-
anism of bantam action remains obscure. Our studies suggest
the possibility that Wts may regulate growth via different
mechanisms and that the nature of this regulation may depend
on cell context. It is premature to conclude that bantam regu-
lates a completely novel cell growth program, but the fact that
misexpression of bantam stimulates cell growth in the ab-
sence of changes in a phosphoinositide marker and that chico
and TOR fail to suppress the bantam-induced salivary gland-
persistence phenotype minimally suggests that this microRNA
regulates genes downstream of TOR. Significant progress has
been made in the identification of microRNA targets [43–45],
and future studies should resolve the mechanism underlying
bantam regulation of cell growth.
Recent studies of Wts signaling inDrosophila have identified
a linear pathway that terminates with Yki and Sd regulation of
effector genes that influence cell growth, cell division, and cell
death [28, 29]. Our studies indicate that the Wts pathway may
not always regulate downstream effector genes via Yki and Sd,
given that Yki expression was not able to phenocopy the wts
mutant salivary gland destruction and expression of Sd in-
duced premature degradation of salivary glands. Although
bantam expression was sufficient to induce growth and inhibit
cell death in salivary glands, bantam function was not required
for the wts mutant phenotype. wts mutant salivary glands pos-
sess altered markers of PI3K signaling, and their defect in cell
death is suppressed by chico and TOR. Combined, these
results indicate that Wts regulates cell growth and cell death
via a PI3K-dependent, and Yki- and Sd-independent, mecha-
nism. Future studies will determine whether Wts regulates




For loss-of-function studies, wtsP2 [22], latsX1 [17], chico1 [11], and banD1
[37] strains were analyzed. sav-IR, mats-IR, and chico-IR stocks wereobtained from the VDRC stock center. For ectopic-expression studies,
UAS-DIAP1 [46], UAS-Atg1KQ [36], UAS-Atg1 [36], UAS-Yki [28], UAS-Sd
[47], UAS-Bantam A [48], and UAS-TORted [49] were used. UAS-GFP-LC3
[50] was used as a marker of autophagy, and tGPH served as a PI3K-activity
sensor [38]. Canton-S wild-type was used as a control.
Protein Extracts and Western Blotting
Salivary glands were dissected from wild-type Canton-S andwtsP2 homozy-
gous animals staged as feeding larvae, wandering larvae, and 0, 6, 8, 10, 12,
and 14 hr after puparium formation at 25C. Salivary glands were homoge-
nized in Laemmli buffer (0.1% glycerol, 2% SDS, 0.125 M Tris [pH 6.8],
0.05% b-mercaptoethanol, and 0.05% bromophenol blue) and boiled for
5 min at 100C. Equal amounts of proteins were separated on 10%–12%
SDS polyacrylamide gels. Proteins were transferred to 0.45 mm Immobi-
lon-P membranes (Millipore) according to standard procedures. Blots
were stripped with low-pH stripping buffer (25 mM glycine-HCl, pH 2,
15[w/v] SDS) between antibodies. Primary antibodies used were rabbit
anti-Wts (1:5000) [27], guinea-pig anti-Hpo (1:2000) [21], mouse anti-
DIAP1 (1:100) [51], rabbit anti-Akt (1:1000) (Cell Signaling), rabbit anti-phos-
pho-Drosophila Akt (Ser505) (1:1000) (Cell Signaling), and mouse anti-beta-
Tubulin (1:50) (Developmental Studies Hybridoma Bank).
Caspase-Substrate Assays
The EnzChek Caspase-3 Assay (Molecular Probes) was used for caspase-
substrate assays. Whole wtsP2/Canton-S (control) and wtsP2/wtsP2 (experi-
mental) pupaewere staged at4 hrafter pupariumformationandhomogenized
in lysis buffer, and reaction buffer was added to the lysates. For detection of
caspase-3-like activity, centrifuged lysates were assayed with Z-DEVD-AMC.
For confirmation of the specificity of this assay to detect caspase-3-like activ-
ity, Ac-DEVD-CHO was added to the control (wtsP2/Canton-S) lysate as
a competitive inhibitor. All the genotypes for caspase-substrate assays
were analyzed in triplicate.
Salivary Gland Histology
Animals of the indicated genotypes were aged to 6, 13.5, and 24 hr after pu-
parium formation at 25C, fixed in FAAG, dehydrated, embedded in paraffin,
sectioned, and stained with Weigert’s Hematoxylin and Pollack Trichrome
as previously described [52]. TUNEL assay was performed with the Apoptag
kit (Chemicon) as previously described [7] and examined with a Zeiss Axio
Imager.Z1 microscope. For TUNEL assays, a minimum of 10 pupae were
examined for each genotype. For all other experiments, a minimum of 20 pu-
pae were analyzed for each genotype. Cell area measurements were done
with ImageJ software [53]. Area measurements represent an average of at
least six cells per salivary gland and a minimum of seven animals for each
genotype.
Fluorescence Microscopy
For autophagy assays, salivary glands of fkhGAL4; UAS-GFP-LC3; wtsP2/
wtsP2 experimental animals and fkhGAL4; UAS-GFP-LC3; wtsP2/wild-type
controls were isolated 1.5 hr after head eversion, stained with Hoechst
33342, and imaged immediately as unfixed tissue with Zeiss Axio Imager.Z1
with apotome. The numbers of GFP-LC3 punctate spots were counted with
Zeiss image counting software. For detection of PI3K activity with the tGPH
sensor, tGPH; wtsP2/ wtsP2 salivary glands, fkhGAL4; tGPH/wild-type; UAS-
Bantam A experimental salivary glands, and tGPH/wild-type salivary glands
were dissected from third-instar larvae, staged 6 hr after puparium forma-
tion, and immediately imaged with a Zeiss Axio Imager.Z1 microscope.
For counting salivary gland nuclei, salivary glands were dissected from
wtsP2/wild-type control and wtsP2/wtsP2 experimental animals staged 6 hr
after puparium formation. Dissected glands were then mounted with vecta-
shield with DAPI (Vector Laboratories) and imaged with a Zeiss Axio
Imager.Z1 with apotome. The numbers of nuclei per salivary gland were
determined with Zeiss image counting software.
Immunohistochemistry
For immunohistochemistry, wtsP2/Canton-S control and wtsP2/wtsP2 exper-
imental salivary glands were dissected from feeding larvae and animals
staged 6 hr after puparium formation, fixed with 4% paraformaldehyde,
and processed according to standard procedures [8]. Rabbit anti-phos-
pho-Drosophila-Akt (1:500) (Cell Signaling) and Toto-3 (Molecular Probes)
were used to stain salivary glands, and they were imaged with a Zeiss
Axiovert confocal microscope.
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